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ABSTRACT
Eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3) have
important nutritional benefits in humans. EPA and DHA are mainly derived from fish,
but the decline in the stocks of major marine capture fishes could result in these fatty
acids being consumed less. Farmed fish could serve as promising sources of EPA and
DHA, but they need these fatty acids in their diets. Generation of fish strains that are
capable of synthesizing enough amounts of EPA/DHA from the conversion of α-
linolenic acid (LNA, 18:3n-3) rich oils can supply a new EPA/DHA source. This may be
achieved by over-expression of genes encoding enzymes involved in HUFA
biosynthesis. In aquaculture, the successful of this technique would open the
possibility to reduce the enrichment of live food with fish oils for marine fish larvae,
and to completely substitute fish oils with plant oils without reducing the quality of
flesh in terms of EPA and DHA contents. Here, three genes, i.e. Δ6-desaturase-like
(OmΔ6FAD), Δ5-desaturase-like (OmΔ5FAD) and elongase-like (MELO) encoding EPA/
DHA metabolic enzymes derived from masu salmon (Oncorhynchus masou) were
individually transferred into zebrafish (Danio rerio) as a model to increase its ability
for synthesizing EPA and DHA. Fatty acid analysis showed that EPA content in whole
body of the second transgenic fish generation over-expressing OmΔ6FAD gene was
1.4 fold and that of DHA was 2.1 fold higher (P<0.05) than those in non-transgenic fish.
The EPA content in whole body of transgenic fish over-expressing OmΔ5FAD gene
was 1.21-fold, and that of DHA was 1.24-fold higher (P<0.05) than those in non-
transgenic fish. The same patterns were obtained in transgenic fish over-expressing
MELO gene. EPA content was increased by 1.30-fold and DHA content by 1.33-fold
higher (P<0.05) than those in non-transgenic fish. The results of studies demonstrated
that fatty acid content of fish can be enhanced by over-expressing gene encoding
enzymes involved in fatty acid biosynthesis, and perhaps this could be applied to
tailor farmed fish as even better sources of valuable human food.
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INTRODUCTION
Transgenic fish has been generated in a
number of freshwater fish species, such as
goldfish (Zhu et al., 1985), rainbow trout
(Chourrout et al., 1986), channel catfish (Dun-
ham et al., 1987), carp (Powers et al., 1992),
medaka (Takagi et al., 1994), tilapia (Martinez
et al., 1996), zebrafish (Higashijima et al., 1997);
marine fishes, such as seabream (Cavari et al.,
1993; Garcia-Poso et al., 1998), salmonids
(Devlin 1997), ice goby (Nakatsuji, 2000), and
in invertebrates, such as abalone Halitotis
rufescens (Powers et al., 1995), dwarf surfclam
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Mulina lateralis (Lu et al., 1996), and crayfish
Procambarus clarkii (Sarmasik et al., 2001). Most
of transgenic works are focused on enhance-
ment of growth. Due to the lack of fish gene
sequences, initial transgenic research in the
mid-1980s employed mammalian growth hor-
mone (GH) gene constructs, which enhanced
growth in some, but not all examined fish spe-
cies (Zhu et al., 1986; Zhu 1992; Gross et al.,
1992). Subsequent gene constructs using fish
GH sequences have stimulated some growth
enhancement (less than a double of weight
compared with controls) in carp, catfish,
zebrafish and tilapia (Zhang et al., 1990; Dun-
ham et al., 1992; Chen et al., 1993; Zhao et al.,
1993), providing the first convincing evidence
that growth enhancement in fish can be
achieved by transgenesis. Transgenic fish
with remarkable growth rates have been ob-
tained by introducing a fish growth hormone
gene driven by a suitable fish promoter (Devlin
et al., 1994; Rahman et al., 1998; Hew &
Fletcher, 2001; Nam et al., 2001).
Recently, transgenic technology can also
be used to induce or enhance adaptation to
extreme environmental condition and disease
resistance. Enhancement of adaptation to low
temperature using ocean pout antifreeze pro-
tein (AFP) gene into goldfish has been achieved
(Wang et al., 1995). The development of stocks
harboring AFP gene would clearly be a major
benefit in commercial aquaculture in countries
where winter temperatures often border the
physiological limits of these species. On the
other hand, increase the resistant to bacterial
pathogen has been attained by transferring
cecropin gene of silk moth, Hyalophora cecro-
pia into medaka (Sarmasik et al., 2002) and chan-
nel catfish (Dunham et al., 2002). Cecropin is a
group of antimicrobial peptides with bacteri-
cidal activity against a broad spectrum of bac-
teria. More recently, transgenic zebrafish car-
rying lysozyme gene enhanced its disease
resistance (Yazawa et al., 2005).
Transgenic technology has successfully
been used to produce an important hormone,
luteinizing hormone (Morita et al., 2004) and
therapeutic proteins; human coagulation fac-
tor VII (Hwang et al., 2004), insulin (Pohajdak et
al., 2004), and a-antitrypsin (Morita et al., 2005).
This technology has also been applied to gen-
erate a new variety of ornamental fish by intro-
duction of fluorescent proteins (Wan et al.,
2002; Gong, 2003). This has implications for
the ornamental fish industry. For generating
an eco-friendly aquaculture system, transgenic
technology has been tried to apply in order to
reduce ammonia loading from fish into envi-
ronment by over-expressing growth hormone
gene (Kobayashi et al., 2007). Further, the
transgenic technology has provided a model
fish as sentinels for water pollution (Carvan et
al., 2000). This transgenic fish is carrying green
fluorescent protein gene driven by a number
of promoters which will respond to water
pollutants, such as heat shock proteins,
metallothioneins which are induced by gen-
eral stress, heavy metals or chemical toxins.
This system has enabled a continual qualita-
tive biosensors for water contamination, inex-
pensive assay, providing rapid and visible re-
sults (Melamed et al., 2002).
Few studies have been conducted in rela-
tion to modification of fish metabolism path-
way by using transgenic technique. Toyohara
et al. (1996) studied the potential of gene trans-
fer to compensate the absence of vitamin C
biosynthesis in fish. The method involved the
introduction of the L-guluno-g-lactone oxidase
gene that acted as a catalyst for the terminal
reaction of vitamin C. However, no vitamin C
production was observed. The improvement
of carbohydrate metabolism in rainbow trout
by co-injection of a construct containing hu-
man glucose transport proteins (hGluT1) and
rat hexokinase II (rHKII) cDNAs has also been
attempted. However, no direct evidence for
the functionality of rHKII and hGluT1 was ob-
served (Pitkanen et al., 1999). Furthermore,
another interesting field that remains to be
explored in relation to fish metabolic pathway
is modification of n-3 highly unsaturated fatty
acids (HUFA) biosynthesis pathways.
The n-3 HUFA, especially eicosapentaenoic
acid (EPA, 20:5n-3) and docosahexaenoic acid
(DHA, 22:6n-3) are important nutrients for hu-
man because they contribute to several as-
pects of health, including the development of
infant brain, the function of eyes (Lauritzen
et al., 2001), the prevention of cardiovascular
and inflammation disease (Simopoulos, 2002),
metabolic syndrome (Nugent, 2004), cancer
(Hardman, 2004), and Alzheimer’s disease (Cole
et al., 2005). EPA and DHA are also essential
fatty acids for marine fish. The inclusion of the
two fatty acids in fish diets are known to im-
prove the quality of broodstocks, and the
growth and normal development of larvae
(Watanabe, 1993; Furuita et al., 2000; Takeuchi,
2001; Copeman et al., 2002; Watanabe &
Vassallo-Agius, 2003; Mazorra et al., 2003).
Moreover, HUFA have been shown to promote
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tolerance to handling stress (Koven et al.,
2001), increase cellular (Wu et al., 2003), and
humoral (Kiron et al., 1995) defense responses
and offer disease resistance (Kiron et al., 1995).
These fatty acids also enhanced the school-
ing behavior of the larval yellowtail (Ishizaki et
al., 2001).
The main source of EPA and DHA for human
consumption is marine fish. However, most
marine fishes have already reached a plateau
in their yield or are on the verge of collapse
(Myers & Worm, 2003). Aquaculture has poten-
tial to be an alternative source of EPA and DHA
for human consumption. Additionally, it has
been predicted that aquaculture will contrib-
ute more to global food fish supplies and fur-
ther help reducing food insecurity over the
next two decades (FAO, 2001). One of major
challenges in aquaculture production is high
quality food supply in the future. Lipid is the
major energy source for farmed marine fish spe-
cies, with up to 40% lipid in the feed (Opsahl-
Ferstad et al., 2003). This is mainly supplied as
fish oil rich in HUFA. The demand for fish oil is,
however, increasing rapidly, both from aquac-
ulture and also from other users e.g., poultry
producers (Opsahl-Ferstad et al., 2003). This is
expected to increase the price of this feed
ingredient, and the demand will likely exceed
the supply in the near future. Considering fish
oil long-term availability, many research have
been carried out on the use of plant as fish oil
substitute. But, the inclusion of high amount
of plant oils has reduced the quality of flesh in
terms of EPA and DHA contents (Tocher et al.,
2000; Bell et al., 2001, 2002). This is because
vegetable oils are generally rich in unsatur-
ated C18 fatty acids, such as α-linolenic acid
(LNA, 18:3n-3), but EPA and DHA are absent,
and fish has low ability to synthesize the two
fatty acids. Thus, there is a considerable de-
mand to find a way that allows fish to use plant
oils without reducing EPA/DHA production.
Many studies have demonstrated that the
ability of fish to synthesize EPA and DHA from
dietary LNA is dependent on a complex of
desaturase and elongase enzyme activities
(Buzzy et al., 1996; Tocher et al., 1998; Ghioni
et al., 1999). There are two types of desaturase
involved in EPA/DHA biosynthesis that can be
distinguished based on their desaturation site
in the fatty acids; Δ6- and Δ5-desaturase
(Sprecher, 1981; Tocher et al., 1998; Sprecher,
2000). Δ6-desaturase enzyme uses LNA as the
substrate and allows the insertion of a double
bond to produce octadecatetraenoic acid (OTA,
18:4n-3). The OTA is converted by elongase to
produce eicosatetraenoic acid (ETA, 20:4n-3),
a substrate of Δ5-desaturation in the EPA syn-
thesis. Furthermore, EPA is converted by se-
quential chain elongation processes to pro-
duce the fatty acid 22:5n-3 and then to 24:5n-
3. Fatty acid 24:5n-3 is metabolized by Δ6-
desaturase enzyme to produce 24:6n-3, which
is finally retro-converted by peroxisomes via
β-oxidation to yield DHA (Buzzy et al., 1996;
1997; Infante & Huszagh, 1998; Sprecher,
2000). In addition, a simple synthesis pathway
for DHA that is directly converted from 22:5n-
3 by a Δ4-desaturation in marine organism has
recently been described (Qiu et al., 2001;
Meyer et al., 2003; Tonon et al., 2003; 2005).
Vertebrates, including fish are lacking the
Δ12- and Δ15-desaturase enzyme activities,
which are required to convert oleic acid
(18:1n-9) for the production of LNA. Thus, LNA
must be derived from the diet. LNA can be fur-
ther desaturated and elongated to varying de-
grees depending on the animal species, Δ6-
desatuarse, Δ5-desaturase and elongase en-
zyme activity, and tissue location. In general,
the rate-limiting step in HUFA biosynthesis of
vertebrates is Δ6-desaturation (Sprecher, 1981;
Cho et al., 1999). Cats have been reported to
lack or express relatively low Δ6 (and possibly
Δ5) desaturase activity (Rivers et al., 1975).
Marine fishes such as gilthead sea bream and
golden gray mullet have a functional Δ6-
desaturase, but display limited Δ5-desaturase
activity (Tocher & Sargent, 1990; Mourente &
Tocher, 1994), while turbot displays limited
elongase enzyme activity (Ghioni et al., 1999).
Freshwater fishes including trout, carp, tilapia,
and zebrafish have functional Δ5- and Δ6-
desaturase (Henderson, 1996; Hasting et al.,
2001), and elongase enzyme activity (Agaba
et al., 2004) and can produce EPA and DHA.
Recently, genes encoding EPA/DHA bio-
synthetic enzymes, i.e. Δ6-desaturase (Seiliez
et al., 2001, 2003; Zheng et al., 2005), bi-func-
tional Δ5/Δ6-desaturase (Hasting et al., 2001),
Δ5-desaturase (Hasting et al., 2004), and
elongase (Hasting et al., 2004, Agaba et al.,
2005) genes have been isolated from several
fish species. We had also isolated genes in-
volved in HUFA biosynthesis from masu salmon,
Oncorhynchus masou. They are Δ6-desaturase-
like (OmΔ6FAD), Δ5-desaturase-like (OmΔ5FAD)
and elongase-like (MELO) genes. This opens
the possibility to modify HUFA biosynthesis
pathway by over-expression of these genes
to increase EPA/DHA production in fish.
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Generation of fish strains that are capable
of synthesizing enough amounts of EPA/DHA
from the conversion of LNA rich oils can sup-
ply a new EPA/DHA source for human consump-
tion. This may be achieved by over-expres-
sion of genes encoding enzymes involved in
HUFA biosynthesis. In aquaculture, the suc-
cessful of this technique would open the pos-
sibility to eliminate the enrichment of live food
with fish oils for marine fish larvae, and to com-
pletely substitute fish oils with plant oils with-
out reducing the quality of flesh in terms of
EPA and DHA contents. This permits the grow-
ing aquaculture industry to depend less on
ocean fisheries stocks as ingredients for
aquatic diets. Furthermore, when transgenic
technique is adopted for farmed fish, diet costs
could substantially be kept lower since
cheaper plants sources rich in LNA would be
nutritionally adequate for them. Additionally,
though controversial, some of the marine cul-
tured fishes have been reported to contain
higher level of toxic contaminants such as
dioxin and polychlorinated biphenyls (PCBs)
compared with wild fish (Jacob et al., 2002a, b;
Hites et al., 2004), attributed to the inclusion
of contaminated fish oil in the feeds. Substitu-
tion of fish oils with vegetable oils could re-
duce the accumulation levels of dioxin and
PCBs (Bell et al., 2005), but high inclusion level
of plant oils in the diets reduces the EPA and
DHA contents in fish (Tocher et al., 2000; Bell
et al., 2001, 2002). The use of transgenic fish
possessing high ability to synthesize EPA and
DHA and utilize diets containing plant oils
could potentially diminish the contamination
of dioxin and PCBs without reducing the flesh
quality in terms of EPA/DHA contents.
In this paper, we reported the improvement
of EPA/DHA biosynthesis by over-expression
of gene encoding fatty acid metabolic en-
zymes using zebrafish, Danio rerio as a model.
Genes encoding EPA/DHA metabolic enzymes
were isolated from masu salmon (Oncorhynchus
masou). Zebrafish was used as a model
organism to achieve the goal of this study
because it offers several major advantages
such as a relatively short life span (2-3 months),
large number of eggs, and ease of maintaining
(Westerfield, 1995; Gong, 1999).
PRODUCTION OF TRANSGENIC FISH
Fish were spawned and cultured as de-
scribed by Westerfield (1995), with some modi-
fications. Transgenic zebrafish carrying a for-
eign gene was generated by microinjecting 1-
cell embryos (Figure 1a), with a plasmid DNA
Figure 1. (A). An agarose gel plate (left figure) consists of twelve grooves that are
used to support embryos (right figure) when penetrated by the microin-
jection needle (right figure, indicated by the arrow). (B). A plasmid DNA
construct consisted of medaka β-actin promoter (mBP Promoter), foreign
gene (Δ6-desaturase-like, Δ5-desaturase-like, or elongase-like gene), and
bovine growth hormone polyadenylation signal (BGH-polyA)
(B)
DNA construct
MBP Promoter
(A)
Foreign gene BGH-poly A
Microinjection
needle
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construct (Figure 1b) in concentration of 30
μg/mL in 0.1 M KCl/0.125% tetramethyl-
rhodamine dextran (Alimuddin, 2003).
Transgenic individuals F0 were identified by
PCR with DNA template that had been extracted
from caudal fins. Isolation of genomic DNA was
performed using a DNA Isolation Kit (Puregene,
Minneapolis, MN) according to the
manufacturer’s instructions.  PCR analysis was
performed in 10 μL of 10x Ex Taq Buffer, 1 μl of
dNTPs, 0.05 μL of Ex Taq polymerase (Takara,
Shiga, Japan), 1 μL of DNA as template and 1
pmol of each specific primer for foreign gene.
Two microliters from the reaction were elec-
trophoretically separated using 2% agarose gel,
stained with ethidium bromide, and photo-
graphed under ultraviolet light. The mature fish
carrying the transgene at their caudal fin was
crossed with a non-transgenic zebrafish, and
at least twenty 2-days-old larvae resulted from
the process were pooled and used for ge-
nomic DNA isolation to identify the germ-line
transmitter fish. The representative result of
germ-line transgenic fish identification was
shown in Figure 2. The germ-line positive F0
fish were then used to produce F1. Transgenic
F1 having high mRNA transcription levels ana-
lyzed by semi-quantitative reverse tran-
scriptase PCR (sqRT-PCR) or real-time PCR were
selected and used for production of F2 gen-
eration. Figure 3 demonstrated the represen-
tative results of transgene (OmΔ5FAD) expres-
sion in three strains of F1 transgenic fish
(Alimuddin et al., 2007). Production and screen-
ing procedures for F1 and F2 were the same
as employed for F0. The transmission of
transgene into F2 generation followed the
Mendelian segregation pattern. The integration
of the foreign gene into the host genome was
also confirmed by Southern blotting analysis.
Figure 4 showed representative result of
Southern blotting analysis of transgenic fish
carrying MELO gene. The hybridization signal
was detected in transgenic fish and in the posi-
tive control. However, in the control fish (non-
transgenic fish), no signals were detected (Fig-
ure 4C). In addition, Southern blot hybridiza-
tion using undigested DNA of transgenic fish
generated one high molecular weight signal
(Figure 4, bottom photograph, arrow head). Mi-
gration of EtBr-stained genomic DNA signal was
identical to the Southern blot hybridization
Figure 2. Result of F0 germ line transmitter screening by PCR analysis with DNA template
extracted from pooled-larvae. DNA was extracted from twenty 2-days-old larvae
obtained by crossing the DNA-positive F0 with non-transgenic individuals.
(A). PCR product amplified using genomic DNA with OmΔ6FAD gene specific
primers. Lanes 1 through 16, PCR product amplified using genomic DNA samples
from transgenic F0 individuals; lane N, a sample PCR product without DNA tem-
plate.  M is 2-log ladder DNA marker (BioLabs, Inc., New England). The amplified
fragment is 354-bp in size.  (B) PCR product with b-actin gene primers [200-bp]
M
A
B
1 2 3 4 5 6 7 8 9 10 1112131415 16 N
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Figure 3. Representative transgene mRNA level in three strains of F1 transgenic fish
carrying Δ5-desaturase-like (Δ5-des) gene determined by semi-quantita-
tive RT-PCR (sqRT-PCR; top figure) and real-time PCR (bottom figure). Three
individual transgenic fish were analyzed from each strain. F1–7, F1–10, F1–
12: F1 transgenic fish, with 7, 10, and 12 as the representative strains.
Total RNA was extracted from caudal fin. The upper two sets of figures
show the sqRT-PCR product of the Δ5-des (26 cycles) and β−actin (24
cycles) as internal control of cDNA loading. C, Control non-transgenic fish;
N, a sample PCR product without template; P, PCR product of plasmid DNA
construct. The amount of Δ5-des mRNA analyzed by real-time PCR shown
in the bottom figure was normalized to β-actin mRNA. The PCR template for
the β-actin gene was diluted 100-fold. Data are means ± SD of each indi-
vidual transgenic fish performed in triplicate PCR. Values with different
letters are statistically significant at (P<0.05) as determined by one-way
ANOVA followed by Duncan’s test
signal of undigested DNA. This result suggests
that transgene had been integrated into the
genome of the host. Comparison with the mo-
lecular weight size marker indicated that the
signal was more than 30 kb. There were 3 sig-
nals observed in the positive control as open
circular (top), linear (center), and supercoil
forms (bottom).
ANALYSIS OF EPA/DHA CONTENT
Transgenic F2 and non-transgenic siblings
used for fatty acid analysis were derived by
crossing the transgenic F1 generation and wild-
type fishes. They were maintained in the same
aquaria and fed same diet, from larval to adult
stage for about 3 months. Samples were taken
after they were fasted for 36 hours. Total lipid
was extracted from a pool of 3-4 adults in trip-
licate for each transgenic and non-transgenic
sibling using the chloroform-methanol (2:1)
method as described by Folch et al. (1957).
Fatty acid methyl esters were prepared and
analyzed by gas liquid chromatography as
described by Alimuddin et al. (2005).
Transgenic Fish Carrying OmΔ6FAD
Gene
Total lipid content and n-3 fatty acids com-
positions of the experimental fish were shown
in Table 1. There was no significant difference
(P>0.05) in the amount of total lipid in non-
transgenic and transgenic fish. The EPA con-
PNC
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Figure 4. Restriction map of MELO gene construct (9 kb) (top), Southern blot analysis of
ApaI digested (center) and undigested zebrafish DNA (bottom). ApaI-digested
and undigested DNA (10 μg) was electrophoresed on each lane and hybridized
with PCR DIG-labeled 1.4 kb of MELO fragment (black shadow). mβ-Actin prom,
medaka β-Actin promoter; MELO, masu salmon fatty acid elongase-like gene; P,
PstI; A, ApaI; TG-7, DNA F2-7 transgenic fish. C is a negative control containing
DNA from non-transgenic zebrafish. P1, P10 and P100 are positive controls of
DNA from non-transgenic zebrafish containing the equivalent of 1, 10 and 100
copies of transgene per cell, respectively. Arrow head is Southern blot hybrid-
ization signal of undigested DNA
tent in whole body of transgenic fish (strain
15-2) having high transgene expression level
was 1.4 fold (1.86 vs. 1.32 mg/g), docosa-
pentaenoic acid (DPA) was 2.6 fold (0.66 vs.
0.25 mg/g), and that of DHA was 2.1 fold
(4.62 vs. 2.22 mg/g) higher (P<0.05) than those
in non-transgenic fish. About 75% (1.40 mg/g),
86% (0.57 mg/g), and 79% (3.63 mg/g) of EPA,
DPA, and DHA was distributed in muscle, re-
spectively. There was a difference in the
amount of EPA, DPA and DHA produced be-
tween the transgenic lines (strains 10-1 and
15-2). This may be caused by different expres-
sion of transgene in muscle.  The transgenic
fish appeared to be normal, healthy and indis-
tinguishable from non-transgenic zebrafish at
least in their external morphology.
While the EPA and DHA contents of
transgenic fish carrying the OmΔ6FAD gene
dramatically rose, there was a decrease in the
LNA content, particularly in the transgenic 15-
2 strain. This suggested that the transgene has
been active in the conversion of LNA, result-
ing in greater amount of the highly unsatur-
ated fatty acids. A high expression of foreign
OmΔ6FAD in transgenic fish may also stimu-
late the endogenous gene expression in the
subsequent pathways, thereby increasing the
levels of the end products. In fact, it has been
reported that the activity of an enzyme in-
volved earlier in the desaturation/elongation
pathway of the fatty acid metabolism in turbot
cell line affected the apparent activity of a
subsequent enzyme (Ghioni et al., 1999). In
2
kb
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addition, we had also isolated another form of
desaturase-like gene from masu salmon
(GenBank accession number: AB074149) that
is phylogenetically clustered together with Δ6-
desaturase-like gene from rainbow trout and
Δ5-desaturase gene from Atlantic salmon
(Zheng et al., 2004). Comparison of fatty acid
contents in transgenic zebrafish with differ-
ent forms of desaturase-like genes from masu
salmon may clarify the specific activity of
those desaturase-like genes. Further, whether
the OmD6FAD used in this study has a D5-
desaturase activity such as zebrafish
desaturase (Hasting et al., 2001) remains to be
elucidated.
Transgenic Fish Carrying OmΔ5FAD
Gene
Total lipid content and n-3 fatty acids com-
positions of the fish fed with commercial diet
and Artemia nauplii or solely of Artemia nau-
plii are shown in Tables 2 and 3, respectively.
There was no significant difference (P>0.05)
in the amount of total lipid in non-transgenic
and transgenic fish. The EPA content in whole
body of transgenic fish (F2-10 strain) was 1.21-
fold (6.05 versus 4.99 mg/g), DPA was 1.17-
fold (1.26 versus 1.08 mg/g), and that of DHA
was 1.24-fold (11.01 versus 8.87 mg/g) higher
(P<0.05) than those in non-transgenic fish.  The
same patterns were obtained in transgenic fish
fed only with Artemia nauplii.  The amount of
EPA in transgenic fish (F2-10 strain) fed Artemia
nauplii increased by 1.14-fold (1.57 versus 1.38
mg/g), DPA by 1.11-fold (0.62 versus 0.56 mg/
g) and DHA by 1.13-fold (2.31 versus 2.04 mg/
g) compared with non-transgenic fish. The
transgenic zebrafish appear to be normal,
healthy and indistinguishable from their non-
transgenic counterparts at least in their exter-
nal morphology other than body size.
Increased in EPA and DHA contents of
transgenic fish carrying the OmΔ5FAD gene,
while the ETA content decreased, particularly
in F2-10 and F2-12 strains suggests that the
transgene possess a Δ5-desaturase enzyme
activity, involving the desaturation of ETA.
Further, the amount of LNA was similar between
transgenic and non-transgenic fish. On the
contrary, in our earlier study, the amount of
LNA in transgenic fish carrying OmΔ6FAD de-
creased, while the ETA content increased
(Alimuddin et al., 2005). It is therefore confirmed
that the two desaturases encoded by genes
isolated from masu salmon carry distinct char-
acteristics, at least in their substrate prefer-
ences. Nevertheless, it remains to be clarified
whether the OmΔ5FAD used in this study has
bi-functional desaturase enzyme activity like
the zebrafish Δ5/Δ6-desaturase (Hasting et al.,
2001) or is predominant as Δ5-desaturase.
Transgenic fish expressing OmΔ5FAD-like
gene could produce greater amounts of EPA
and DHA (1.21-fold and 1.24-fold respectively).
In the previous study, over-expression of masu
salmon OmΔ6FAD gene in zebrafish increased
the production levels of EPA by 1.41-fold and
DHA by 2.1-fold (Alimuddin et al., 2005). Higher
augmentation of EPA and DHA production in
transgenic zebrafish carrying OmΔ6FAD than
that of OmΔ5FAD suggested that Δ6-desaturase
enzyme activity may be the rate-limiting step
of EPA/DHA biosynthesis in zebrafish.
A high level of EPA and DHA content in
transgenic fish may be of physiological advan-
tage for fish.  In the present study, a tendency
for higher body weights among male
transgenic fish fed both with commercial feed
and Artemia nauplii, and Artemia nauplii alone
was observed in comparison with non-
transgenic fish. Additionally, transgenic fish
fed with the commercial diet and Artemia pro-
duced greater amounts of EPA/DHA compared
with fish fed entirely on Artemia nauplii and
this probably caused an increase in body
weight (Figure 5). Thus, the improvement of
EPA/DHA contents in transgenic fish fashioned
their superior growth. It is well established that
the inclusions of the two fatty acids in fish
diets improve the growth and normal develop-
ment of several aquaculturally important fish
larvae (Watanabe, 1993; Furuita et al., 2000;
Copeman et al., 2002; Watanabe & Vassallo-
Agius, 2003; Mazorra et al., 2003). Therefore,
it is conceivable that transgenic fish produc-
ing high level of EPA/DHA could probably be-
come a promising development in aquaculture
in terms of accelerating fish growth.
Transgenic Fish Carrying MELO Gene
Formation of EPA/DHA from precursor LNA
requires two or more different desaturases and
at least three elongases capable of utilizing
polyunsaturated fatty acids as substrates. It is
generally known that fatty acid desaturases,
Δ6-desaturase, and/or Δ5-desaturase are the
rate-limiting step in HUFA biosynthesis. How-
ever, the involvement of elongase as the key
enzyme has been demonstrated in turbot,
Scophthalmus maximus (Ghioni et al., 1999),
and recently in cod, Gadus morhua (Agaba et
al., 2005). This may be implicated in the inabil-
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Figure 5. Final body weight of male transgenic and non-transgenic fish fed with
commercial diet and Artemia nauplii (A) or Artemia nauplii only (B). F2–7,
F2–10, F2–12: F2 transgenic fish, with 7, 10, and 12 as the representative
strains. Data represented are means ± SD of male body weight (n>10).
Values with different letters are statistically significant at P<0.05 as deter-
mined by one-way ANOVA test (After Alimuddin et al., 2007)
ity of some marine fishes to synthesize EPA/
DHA, and perhaps the introduction of a foreign
elongase gene could be a powerful approach
to complete this critical step. Production of
transgenic marine fish carrying various fatty
acid metabolic enzymes holds exciting possi-
bilities for the future of aquaculture. As the
first step towards generation of transgenic
marine fish, we cloned and over-expressed a
masu salmon (Oncorhynchus masou) MELO
gene in the model species zebrafish (Danio
rerio). Based on the predicted topology, con-
sensus sequences, and sequence homologies,
MELO are in excellent agreement with ex-
pected structural traits of elongases (Leonard
et al., 2002; Hasting et al., 2004; Meyer et al.,
2004; Agaba et al., 2004, 2005).
Total lipid content and n”3 fatty acid com-
positions of the fish are shown in Table 4.
There was no significant difference (P<0.05)
in the amount of total lipid in transgenic and
non-transgenic fish for all fish groups. In con-
trast, fatty acid contents were generally dif-
ferent between transgenic and non-transgenic
fish, except for LNA (Table 4). The amount of
OTA in whole body of the transgenic F2-3
strains decreased (1.65 versus 1.81 mg/g),
while it was comparable for the remaining
strains. The ETA content in whole body of
transgenic fish (F2-3 strain) was 1.14-fold (1.24
versus 1.09 mg/g), EPA was 1.30-fold (1.53 ver-
sus 1.18 mg/g), DPA was 1.57-fold (0.86 versus
0.54 mg/g), and that of DHA was 1.33-fold (2.79
versus 2.10 mg/g) higher (P<0.05) than those
in non-transgenic fish. Similar variation patterns
were observed for fatty acid contents in
transgenic F2-7 and F2-8 strains (Table 4). The
transgenic zebrafish appeared to be normal,
healthy, and indistinguishable from their non-
transgenic counterparts, at least in their exter-
nal morphology.
FUTURE ASPECTS
Up to date, we had generated three types
of transgenic fish strains that carry either
OmD6FAD (Alimuddin et al., 2005), OmD5FAD
(Alimuddin et al., 2007), and MELO (Alimuddin
et al., 2008). Generation of double- or triple-
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transgenic fish may produce more EPA and DHA
than a single-transgenic strain. Further, D4-
desaturase gene involved in the conversion
of DPA directly to DHA has been isolated from
protist Thraustochytrium sp. (Qiu et al., 2001),
microalga Euglena gracilis (Meyer et al., 2003)
and Pavlova lutheri (Tonon et al., 2003).
Transgenic fish carrying this D4-desaturase
gene may produce more DHA than the natural
pathway. In aquaculture, application of this
technique would open the possibility of elimi-
nating fish oils in fish diets, besides avoiding
the necessity for altered dietary regimes prior
to marketing. In the long run, this also may al-
low the growing aquaculture industry to de-
pend less on ocean fisheries stocks for ingre-
dients for aquatic diets as well as helping to
promote the safety of fish-based food.
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